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Abstract 
The bulk minority carrier lifetime of p-type Cz-silicon material decreases due to light induced degradation caused by the 
formation of recombination active BO related defects. Regeneration at elevated temperatures under carrier injection is an 
adequate method for transformation of these BO-related defects into a non-recombination active complex and thus for long term 
recovery of the minority carrier lifetime. Next to prolonged temperature treatments and carrier injection, the charge state of 
hydrogen is assumed to play a major role for regeneration. However, the incorporation of hydrogen and especially correctly 
charged hydrogen has not been proven. The physical mechanism of the regeneration process is not understood yet and still under 
discussion. So far no physical model explaining the regeneration process is present. 
For introducing a model explaining the regeneration process we investigate the influence of the concentration of charged 
hydrogen on the reaction kinetics on the regeneration process. By combining reaction kinetics with statistical mechanics we will 
show a quantitative model for BO-regeneration considering the charge state of hydrogen. Comparing experimental and simulated 
values a good agreement between the experiment and the model is observed. Based on the model we are able to simulate 
transient defect concentrations during degradation-regenerations cycles over a wide variety of process parameters: temperature 
and carrier injection, giving an insight into the sophisticated process control for passivating active BO-complexes. Simulation 
results confirm the incorporation of fast diffusing non-charged hydrogen in the passivation of BO-related defects in cz-silicon 
solar cells. We conclude that the dissociation of B-H pairs and subsequent diffusion of non-charged hydrogen is the limiting 
process for regeneration in the material system investigated within this contribution.  
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1. Introduction 
Light induced degradation (LID) causes a fast decay of the minority carrier lifetime of operating mono-crystalline 
p-type solar cells [1-3]. The decreased efficiency (up to 10% relative [1]) caused by this degradation mechanism in 
p-type mono-Si solar cells is one of the main reasons for the decreasing market share of mono-Si wafers in the 
recent years. LID is presumably coupled to a reconstruction of latent recombination inactive BO-complexes to 
electrically active but metastable defects under carrier injection [4]. Herguth et al. discovered a transformation 
(called regeneration) of such meta-stable complexes to a new stable recombination-inactive defect-state by applying 
carrier-injection under elevated temperatures after initial degradation, leading to a recovery of the minority carrier 
lifetime [5, 6]. Next to prolonged temperature treatments under illumination hydrogen, introduced via hydrogenation 
or firing of SiN:H antireflexion coatings [7], is seen as another prerequisite for the regeneration process [8]. In 2013 
Hallam et al assumed that the charge state control of monatomic hydrogen, depending on the Fermi-level position in 
the gap [9], is essential for successful passivation of BO related defects [10]. Recently, Wilking et al. discussed fast 
diffusing non-charged hydrogen for low barrier dissociation of B-H complexes and subsequent passivation of BO-
complexes as possible participant in the regeneration process [11].  
Until now the physical mechanism of the regeneration process is not cleared yet. There had not been any 
evidence for the importance of a charge state control nor the incorporation of specifically charged hydrogen in the 
regeneration. For this purpose we investigated the influence of the charge state of hydrogen, controlled via carrier-
injection by light illumination, on the reaction kinetics of the regeneration. In this work we will introduce a 
quantitative model for the transient recombination active defect-concentration during degradation-regeneration-
cycles based on the combination of reaction kinetics with statistical mechanics. 
2. Qualitative restrictions and limitations of BO-regeneration  
  
Based on experiments following parameters are playing a major role for the regernation process: (i) elevated 
temperatures activating the chemical reaction, (ii) incorporation of hydrogen and (iii) increased carrier injection.  
Based on this following assumptions and restrictions for developing the model for BO regeneration are drawn: 
 
A) We assume monatomic hydrogen, presumably incorporated as B-H pairs [11] in the silicon bulk, to be 
directly involved in the passivation of active BO-complexes (see section 3.1) rather than serving as a 
catalyst. An increase of monatomic hydrogen as reactant will accelerate the reaction between BO-
complexes and hydrogen.  
 
B) Figure 1 shows a transient open voltage measurement of a B-doped Cz-Si solar cell during a typical 
degradation-regeneration cycle at 140°C under varying illumination intensities (data taken from [6]). With 
increasing intensity the regeneration process is accelerated. Therefore, carrier injection has a strong impact 
on the reaction kinetics of the regeneration process. 
 
C) The regeneration process is controlled via Fermi-level shifting. Carrier injection will shift the quasi-Fermi-
level position and thus the amount of specific charged hydrogen (H+, H0 and H-) for a given total 
concentration of monatomic hydrogen in the silicon bulk [9]. We obtain a distinct connection between both 
process parameters: injection and hydrogen. We assume a specific charged hydrogen species to serve as the 
reactant in passivating BO-complexes. With increasing concentration of correctly charged hydrogen, 
controlled via carrier injection for a given amount of monatomic hydrogen, the rate of the regeneration is 
enhanced (see figure 1). That means that the amount of correctly charged hydrogen will limit the 
passivation of active BO-related defects rather than the total amount of monatomic hydrogen in the silicon 
bulk.  
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Fig. 1: Transient open circuit voltage Voc during a typical degradation-regeneration cycle. An increase in either non-charged or negatively 
charged hydrogen via carrier injection results in an accelerated regeneration process (data taken from [6]) 
 
D) In the dark, when no regeneration occurs, positively charged hydrogen H+ is the majority species. Since no 
regeneration occurs in the dark even at elevated temperatures, H+ is assumed to be no reaction partner. 
Keeping that in mind, there are two possible participants limiting the regeneration process:  
 
i) H0 : has the highest mobility in Cz-Si H0 >> H- >> H+ [12] 
 
ii) H- : should have the highest reactivity regarding the  
       passivation of positively charged BO-complexes. [10]  
 
The concentrations of both species are increased during Fermi-level shifting and thus the amount of the reactant, 
passivating BO-complexes. 
 In the next section we will develop a quantitative model for simulating the reaction kinetics of regeneration in 
dependence on the amount of non-charged and negatively charged hydrogen controlled via the specific process 
parameters: temperature and carrier injection.   
3. Development of a quantitative model for BO-regeneration 
 
3.1 Mathematical description of the reaction kinetics 
Regarding the transient defect formation during a typical degradation-regeneration-cycle (deg-reg-cycle), shown 
in figure 2, we propose a second order consecutive reaction: during degradation inactive BO-complexes transform 
with a reaction rate coefficient kdeg to an intermediate state, active BO-defects. With forming active BO-complexes a 
subsequent reaction (regeneration) between -either non-charged or negatively charged hydrogen- and BO-defects 
immediately takes place with a reaction rate coefficient kreg.  
 
We propose the following qualitative chemical reaction scheme: 
BOHHBOBO   reg
k
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Annealing and destabilization - the dissociation of BO-related defects and passivated BO-complexes - have been 
taking into account in the model but is not listed here for simplicity. Quantitatively equation (1) can be expressed as 
follows:  
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as the reaction rate coefficient. vch is the characteristic frequency. EA is the activation energy. The concentration 
of H- or H0, which is controlled by carrier injection I for a given monatomic hydrogen concentration in the silicon 
bulk will have a direct impact on the reaction rate.  
We include the regeneration limiting process parameters: 
  
A) Temperature, incorporated via Boltzmann factor describing the thermal activation of both 
chemical processes, 
 
B)  The total amount of monatomic hydrogen in the silicon bulk, and 
 
C)  The concentration of either H0 or H-, depending on the quasi-Fermi-level position in the gap. 
 
In the first step we check the applicability of the above stated chemical reaction kinetics neglecting the injection 
dependence of the charged hydrogen concentration. Assuming a constant [H0, -] for a given monatomic hydrogen 
content under a given constant illumination, information on the [H0, -] is included in the characteristic frequency. 
Using empirically determined activation energies and characteristic frequencies, adopted from literature [3, 6], we 
fit the experimental transient J01 data (taken from [6]) - proportional to the defect concentration Nt - during a deg-
reg-cycle at 100°C under 1 sun illumination (figure 2).  
 
Fig. 2: Transient dark saturation current J01during a typical degradation-regeneration cycle under constant 1 sun illumination at 100° C. 
Experimental data have been taken from [6]. The dashed red line is the simulated transient normalized defect concentration, calculated with 
equation (2) under usage of empirically determined EA and vch, adopted from literature 
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We observe correlation between experimental data and calculated normalised defect concentration, based on the 
above stated reaction scheme. It is worth noting that an increase in the total monatomic hydrogen concentration for 
fixed carrier injection should result in an increased regeneration velocity. Mathematically this increase is equated 
with an increase of the characteristic frequency vch. In contrast, for a given amount of monatomic hydrogen, an 
increase of non-charged or negatively charged hydrogen respectively, by sophisticated carrier injection, should 
result in a faster regeneration process too.  
For a given solar cell system with defined hydrogen content in the silicon bulk, either introduced by 
hydrogenation or by firing of the SiN:H antireflexion coating, the charge state control for maximizing non-charged 
or negatively charged hydrogen is a key factor for accelerated regeneration processes. In the next section we will 
implement the dependence of the regeneration on the injection level and thus on the concentration of correctly 
charged hydrogen.  
3.2 Implementation of the injection dependence on the regeneration 
As shown in equation (2) the rate of forming recombination-active BO-related defects depends on the 
concentration of non-charged [H0] or negatively charged hydrogen [H-]. For a given process temperature and 
monatomic hydrogen concentration, [H0] and [H-] are controlled via carrier injection. Thus for a given solar cell 
system with specific monatomic hydrogen in the silicon bulk, the reaction kinetics of the regeneration are indirectly 
influenced by injection. For calculating [H0] and [H-], which serve as direct process parameters, we used statistical 
mechanics according to [9]. The fractions of both species compared to the total amount of monatomic hydrogen 
have been simulated for p-doped silicon with an acceptor concentration NA=1016 over a wide range of excess carrier 
concentration and temperature. The temperature dependence of the intrinsic carrier concentration has been taking 
into account. The simulated distribution of the fractions in dependence on the process parameters of the regeneration 
are shown in figure 3.  
 
Fig. 3: a) Calculated fraction of [H0] compared to the total amount of monatomic hydrogen in the silicon bulk [H], in dependence on temperature 
and excess carrier concentration, the dashed green line is marking the maximum [H0]; blue: low [H0,-] concentration, red: high [H0,-] 
concentration; b) Calculated fraction of [H-] compared to the total amount of monatomic hydrogen in the silicon bulk [H], in dependence on 
temperature and excess carrier concentration; blue: low [H0,-] concentration, red: high [H0,-] concentration; 
The amount of the specific charged hydrogen species varies by many orders of magnitude, depending on 
temperature and carrier injection. With regard to process optimization a maximizing of [H0] or [H-] is needed. For 
high injection levels mainly all hydrogen is in the negative state, while the maximum H0 concentration requires a 
sophisticated control of the right set of parameters (dashed green line in figure 3a).  
a b 
 Marcus Gläser and Dominik Lausch /  Energy Procedia  77 ( 2015 )  592 – 598 597
 
4. Determination of the regeneration limiting hydrogen species  
By implementing the concentration of charged hydrogen, calculated via statistical mechanics, in the proposed 
reaction kinetics (equation (2)) we obtain simulated transient defect concentrations in dependence on temperature 
and carrier injection.  
There are two possible reactants for passivating recombination active BO-complexes: H0 and H- (see section 2). 
Assuming only one charged species to be incorporated in the regeneration, the reaction rate and thus the transient 
defect concentration should follow the amount of either non-charged or negatively charged hydrogen.  
 In order to determine the reaction rate limiting species, participated in passivating BO-complexes, we compare 
experimental data (taken from [6]) of a single p-type cz solar cell regenerated under varying illumination intensities 
at 140 °C with simulated transient defect concentrations assuming either i.) H0 or ii.) H- as reactant in equation (2).  
Numerical values for characteristic frequencies and activation energies, describing the reaction velocity coefficients, 
have been adopted from literature [3, 6]. The results are shown in Figure 4. 
 
Fig. 4: a) Comparison of experimental data (taken from [6]) of the normalized defect concentration during a deg-reg-cycle of a p-type Cz-Si solar 
cell at 140 °C under varying illumination intensities with simulation results assuming an incorporation of H0 in the passivation of BO complexes 
(a) and b) H- in the passivation of BO complexes. 
We observe good correlation of the simulated transient defect concentration (dotted lines) with experimental data 
(points) assuming H0 as participating species. The reaction kinetics thus strongly depends on the H0 concentration, 
varying with illumination. Simulation results using H- as reactant leads to a slowed down regeneration compared to 
experimental data and is thus ruled out for participating in the passivation of BO-defects. Based on our model we 
give first quantitative evidence for the reaction between active BO-complexes with fast diffusing non-charged 
hydrogen in the regeneration process. We propose the following physical mechanism for regeneration:  
The dissociation barrier of B-H complexes, serving as hydrogen source for the regeneration, is reduced by 
changing the charge state from positively to non-charged hydrogen. Non-charged hydrogen can easily detach from 
negatively charged boron and diffuse through the silicon bulk, without rebinding to negatively charged acceptors 
again. This means that next to a high amount of B-H pairs [11] the dissociation of B-H pairs and subsequent 
diffusion of non-charged hydrogen is the rate limiting physical process for passivation of active BO-related defects.    
 
 
 
a b 
H0 H- 
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5. Summary 
 
A quantitative model for BO-regeneration based on the reaction between correctly charged hydrogen and active 
BO-complexes has been introduced. By means of the combination of reaction kinetics and statistical mechanics we 
are able to simulate time resolved degradation-regeneration cycles under a wide variety of process parameters 
temperature and injection. Comparison of experimental data and simulations of the transient BO-defect 
concentration assuming possible reactants H0 and H- give first quantitative evidence for the incorporation of non-
charged hydrogen H0 in passivating BO- complexes.  
This means that the regeneration rate mainly depends on the amount of non-charged hydrogen rather than the 
total amount of monatomic hydrogen in the silicon bulk. For a given concentration of B-H pairs [11], introduced  
during firing of SiN:H anti refection layers or hydrogenation, we assume the dissociation of B-H pairs and 
subsequent unhindered diffusion of H0 through the silicon bulk as the limiting process in the passivation of BO-
defects. 
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